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selected mutations in the human a4 or ii2 neuronal r 
acetylcholine receptor subunit genes cosegregate with a partial 
epilepsy syndrome known as autosomal dominant nocturnal fron- 
tal lobe epilepsy (ADNFLE). To examine possible mechanisms un- 
f).-^ uii*, ii'inerited epilepsy, we engineered two ADNFLE mu- 
tations {Chma4^^-'^'' and Chma4^^^^) in mice. Heterozygous 
ADNFLE mutant mice show persistent, abnormal cortical electro- 
encephalograms with prominent delta and theta frequencies, ex- 
hibit frequent spontaneous seizures, and show an increased sen- 
sitivity to the proconvulsant action of nicotine. Relative to WT, 
electrophysiological recordings from ADNFLE mouse layer ll/lll 
cortical pvramidal cells reveal a >20-fold increase in nicotine- 
evoke'' "th no effect on excita- 
tory post a subthreshold dose of 
picrot. .< acid receptor antag- 
onist, reoutes torticai eiectioencephalogram delta power and 
transiently inhibits spontaneous seizure activity in ADNFLE mutant 
mice. Our studies suggest that the mechanism underlying ADNFLE 
seizures may involve inhibitory synchronization of cortical net- 
works via activation of mutant a4-containing nicotinic acetylcho- 
line receptors located on the presynaptic terminals and somato- 
dendritic compartments of cortical GABAergic interneurons. 
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Epileps} ]s a common neurological disotiki a\U 
the population worldwide. Over (lie nasi dt 
idiopathic epilepsies have been identified that snow smgle-gene 
inheritance. Autosomal dominant Docturnal tiontal lobe epi- 
lepsy (ADNFLE) was the tirst idiopathic epilepsy tor which 
specitic mutations were described (1). Segregation and subse- 
quent Imkace analyses ot ADNFLE tamihesled to the assjcn- 
iiitnt ot landidatc genetic loci and ultimately to the idcntifica- 
' .'ii .V loci .issoti.iled v\ith 
i I Ni I >, li)2J)mapto 
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Ictal and interictal electroencephalograms (EEGs) are often 
uninformative and clinical diagnosis is best achieved by using a 
combination of nocturnal video-polysomnography and genetic 
analyses (7). Whereas the frontal lobe origin, adolescent onset, 
and clusters of nocturnal, hyperkinetic motor seizures are sig- 
natures of this disorder, the ADNFLE seizure phenotype shows 
incomplete penetrance and can present with (6. 8) or without (4, 
9) intra- and interfamilial variation in expressivity. 

Gi\en the similauties in clinical s\mptoras. it has been sug- 
gested that a common functional anomaly of mutant a4- and 
/32-subunit-containuig iiAChRs underlies ADNFLE. nowe\er. 
studies m hetciologous expicssjon s\ stems designed to disco\er 
a shared, altered property that might explain the neuronal 
network dysfunction underlying ADNFLE seizures have lead to 
both "gam-of-function" (10-12) and "loss-of-tunction" (8, 13, 
14) models. The effect of stimulating nAChRs (mutant or 
otherwise) on cortical network activity is difficult to predict, 
hence, iiismht into the mechanism responsible for neuronal 
synchrony and epileptogenesis m ADNFLE must necessarily 
come from models that attempt to reconstitute the m vivo 
distribution and function of mutant nAChRs. To more fully 
understand the pathophysiology and mechanism underlying this 
epilepsy, we genetically engineered two mouse strains that 
harbor the ADNFLE Lhrna4^^^^^ and ChrnaA^^^^'^ mutant 
alleles. The characterization and validation of this mouse model 
of ADNFLE should pro\ide an important tool with which to 
examine the molecular, cellular, and developmental basis for 
cpileptouenesis. 

Results 

Heteroz\'gous and homozj'gous ADNFLE mutant mouse strains 
are viable, show expected gender and Mendelian genotype ratios, 
express equal levels of WT and mutant q4 transcripts, and exhibit 
no gross neuroanatomical abnormalities (Figs. 5-8, which are 
published as supporting iiiloimatioii on the FWS web site). 
However, relative to age and gendei -matched W F littcrmates. all 
heterozygous C/jma^^^siF/wt Chma4'^^'"^^ mice show abnor- 
mal EEGs, which are characterized by a marked increase in S wave 
activity (0.5-4 Hz) (Fig. la). Similar results were observed with 
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Fig. 1. Both C/irna-S^^"'''™* and C/ima4^'-254/wtrf|i(-ggxhibit abnormal cortical EEGsand show spontaneous, repetitive EEG discharges with paroxysmal onset and 
sudden termination, (a) Relative to WT, fast Fourier transform analyses of recordings from awake Chrna'fi^^^''''^'' and Chrna^+'-^s'"*^ mice show a marked increase 
in 8 (0.5-4 Hz) and, in the case of Chma4S^"F/wt mice, e frequencies (4-8 Hz), {b and c) EEG recordings during spontaneous seizures in Chma4^^^^^'^ and 
C/ima4+'-2"'*^ mice, (b) Higher-resolution traces show complex patterns of spike and wave activity with high-amplitude, low-frequency power spectra in 
C/ima452"f'** mice, and a more asymmetric, diffuse pattern in C/irna4+'-2"'^ mice, (c) The traces show «"1 5 min of continuous EEG data, including the periods 
immediately before and after paroxysmal discharges in Chrna4^^^^^'^ and Chrna4+^^^ mice. Note pre- and postictal spiking in ADNFLE mutant mice and the 
sudden onset of clusters of high-amplitude spikes. 



homozygous CAmfl4S252F/s252F and chma4^^^'^^^ mice (Fig. 9, 
which is published as supporting information on the PNAS web 
site). A considerable increase in 6 wave activity (4-S IIz) also is 
evident in the EEG patterns of Chma4^^^^^''-'-'^ (Fig. la), 
Chma4^^^^^'^^^^^, and C/!mfl4+''2M/+L264 ^^^^ (pjg Such ab- 
normal EEGs were observed '=«50-80% of the time during every 
4-hour recording epoch in Chrna4^^^^^''^^ (n = 10) and 
Chma4+'^^'^^ (n = 4) mice (Fig. 10, which is published as 
supporting information on the PNAS web site). 

In addition to abnormal EEGs, heterozygous C/i/-«fl4S252FAvt 
and Chma4'''^^^'*^ mice exhibit recurrent spontaneous seizures, 
which are accompanied by high-amplitude, low-frequency cor- 
tical EEG activity (Fig. lb). Seizure semiology ranges from brief 
periods (1-5 s) of behavioral arrest to extended periods (2-60 
min) of rhythmic, jerking motion involving all extremities, loss of 
b'i mcc. and frequent falling to one side (Movie 1, which is 
p oil .IS siippoi liiii; mioi m.ition on lli^' PNAS web site). 1 ig. 
1 . slum s.implc'b I C.s oblauwil liom siibdiii.il iccouling 



leptogenesis at the level of cortical circuits. Although a4- 
containing nAChRs arc wideh t ^ ' ' ' brain, 

altered cholinergic activation ol or- 
tical networks may pla} an of 
ADNFLE seizures as EEG recordings trora /VDINl Lt patients 
suggest that seizures originate in the frontal lobe of the neocor- 
tex (7). Because synaptic activity in pyramidal cells is a major 
source of cortical EEG activity, we first examined the effect of 
ADNFLE mutations on the synaptic events of layer II/III 
pyramidal cells of the frontal cortex. 

Wliole-cell voltage-clamp recordings of spontaneous excita- 
tory postsynaptic currents and spontaneous inhibitory postsyn- 
aptic currents (sIPSCs) were obtained from layer II/III pyra- 
midal cells of WT and Cfima4^^^^'^* mouse brain slices (Fig. 2). 
There were no significant differences between the excitatory or 
inhibitory synaptic events recorded under control conditions in 
W r and China 4'^'^^'^''" mouse pyramidal cells (T,ii 
which aic published .is suppoi ting information on ll 
site). We next examined whether activation of WT and ADNFLE 
> lutantn \ChRsb\ nicotim (J fiM) i.siitis m ditki.ntial tffr tts 
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0.05, unpaired t test; Fig. 3d), iiidicalnii: mat iiicotiiie lias little 
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Fig. 2. Nicotine increases sIPSCs recorded from cortical layer ll/lll pyramidal 
cells without affecting spontaneous excitatory postsynaptic currents. Voltage 
clamp recordings were obtained from WT (a) and C/irna4^252'''^ cortical layer 
ll/lll pyramidal {b) cells immediately before and during perfusion of ACSF 
containing nicotine (1 jiM, shown by a solid bar). In Chrna4^^^^^'^ slices, 
nicotine induced a net increase in pyramidal cell inhibitory /mean (Vh = 0 mV) 
of 23.4 ± 5.0-fold (n = 6), whereas for WT, the /^ean ratio was 2.5 ± 0.4-fold 
(n = 9). Gaps in the current traces indicate times at which membrane seal tests 
were performed, and expanded traces are shown for periods corresponding to 
perfusion with ACSF alone (A) or ACSF plus nicotine (A). 



compound effect of nicotine on the frequency, amplitude, and 
kinetics of sIPSCs, we measured the mean inhibitory current 
(/mean, scc Methods) and calculated the effect of nicotine j 
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Fig. 3. The pharmacology and kinetics of nicotine-enhanced, cortical pyra- 
midal cell sIPSCs are similar in brain slices prepared from both Chma^'^''^^''"^ 
and ChrnaA*^^'"^ mice, (a) Recordings from WT (lower trace; n = 8) and 
Chrna^^^^^i^ (upper trace; n = 6) cortical layer ll/lll pyramidal cells immedi- 
ately before and during perfusion of ACSF containing nicotine. Averages of 
the recordings were fit to an a function (smooth solid line), with the shaded 
area corresponding to the SEM. (b) The fitted sIPSC mean values (/mean, 
baseline subtracted) in WT (n = 8), Chrna^^^^^i^ (n = 6), and ChrnaA*^^^ 
(n = 5) cortical pyramidal cells before and during perfusion of ACSF containing 
nicotine (1 jiM at time 0 s, arrow), (c) The norma lized sIPSC ratios (peak current 
in the presence of 1 fiM nicotine divided by control responses) for WT (n = 8), 
Chrna^^^^^i^^n = 6), and Chrna4*^^^{.n = 5) cortical pyramidal cells. *, P< 
0.05, one-way ANOVA. (ol) The fitted sIPSC mean values (/mean, baseline sub- 
tracted) in C/irna452"f'^ cortical pyramidal cells after perfusion of nicotine (1 
fiM at time 0 s, arrow) in the presence of 50 nM methyl lycaconitine (MLA) (n = 
6), 10 fiM dihydro-^-erythroidine (DH^E) (n = 3), or a mixture of 10 ixM 
6-cyano-7-nitroquinoxaline-2'-dione (CNQX) and 25 jiM APV (n = 4). The 
dotted line represents the response to nicotine alone. 
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Table 1. Nicotine increases frequency, amplitude, and alters response kinetics of mlPSCs 
in pyramidal cell neurons of Chma^^^^^'"^ mice 



Measurement 


Control 


Nicotine 






Ni 




Frequency, per sec 


20.1 


± 5.0 


18.4 ± 


4.3 


16.8 


± 1.4 


29.0 


± 2.8* 


Peak amplitude, pA 


15.2 


± 1.5 


13.0 ± 


1.4 


16.1 


±0.8 


19.5 


±0.9* 


Rise time 10-90, ms 


0.84 


±0.05 


1.03 ± 


0.07 


0.86 


±0.05 


0.89 


±0.06 


Tdecay, mS 


6.83 


±0.38 


7.08 ± 


0.36 


6.72 


±0.13 


7.43 


± 0.26* 



Whole-cell voltage clamp recordings (Vh = 0 mV) were obtained from frontal cortex layer ll/lll pyramidal cells 
in the presence of APV (25 jiM), CNQX (10 jiM), CdCb (50 jiM), and TTX (0.5 (xM). Evenis were detected and 
analyzed in 60-ssegments. Values represent the mean ± SEM. Comparisons were made between nicotine-treated 
(1 fiM) WT (n = 4) and Chrna^^^^^l'^ (n = 7) brain slices. Values with asterisks represent P< 0.05 by using a paired 
t test. No statistical differences were found between control values of both genotypes (P> 0.05, unpaired t test). 



frequency and kinetics m the WT (/' ,> 0.05, paired / test, n = 
4; Table 1). Even when presynaptic voltage-gated Na" and Ca^" 
channels were blocked, nicotine significantly increased the am- 
phtudc (ll'^c) and frequency (42%) of mil SCs in C/!ma¥^2S2F'« t 
brain slices [p < 0.05, paired t test; h = 7; Table 1). The 
combined effect of nicotine on mlPSC frequency and amplitude 
resulted m an increased inhibitory /iT,c>m of 3.38 ± 0.57-fold (n = 
8) m the absence of any voltage-gated Na^ and Ca^^ entry into 
thetcimmals Thus .n.onsnkiahk tuKdoiiot \D\I LI miilanl 
a4-subunit-containing nACliRs are located on presynaptic ter- 
minals of toi tk J ( i \B iiUv-iiKih Ills and cle\atc pics\n- 
aptic Ca- levels. 

To I- p li incicased (lABA- 

mediatL s h i.n iln iiis. il i i ^l^ and seizuie acfiMf\ m 

ADNFLE mutant mict we examined the ettttt nt pi. lotoMn 
(PTX), a use-dependent antagonist ot GABA,\ rocoplors. on the 
EEG and spontaneous seizures m Chma4^^' niicc. I lie data 
m Fig 4 ic\eal that m WT mice, i p infection ot low -dose PTX 



(0 1 mu/kii) has little etf.cl on the coitical EEG lelatnc 8 
power, and percentage ot time exhibiting S wave activity (Fig. 4 
a, c, and d) and shows no proconwlsant activity (Fig. 4e). 
Ilowcvei, in China 4^"^'^''^' mice, this subthieshold dose noi- 
malizes" the baseline EEG (Fig. 4b), decreases the relative 
power and time-expressing S wave activity (Fig. 4 c and d), and 
completely inhibits spontaneous seizure activity (Fig. 4e). 

Discussion 

VMKi.a^ g^n^i'L tacioi^ coi.i, bi.ie to «^40% of all human 
epilepsies. <30 idiopathic epilepsy syndromes show a monogenic 
mode of inheritance and. ot those, only 12 disorders have been 
associated with a specific genetic locus (17). Flere, we report two 
murine models of a human familial channelopathy linked to 
epikps\ li M) > the r//»;-/^' and Clv,m4 \DNFLE 
nuit ilioiis both pioclute ibiioi m il i li il ' 1 « , intci- 

spikmg and spontaneous seizures seen m both ChrnaA^^^^'^'^^ and 
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Fig. 4. Chma4^^^^f'*' mice have abnormal cortical EEGs with persistent S (0.5-4 Hz) activity, which is decreased by low-dose PTX. (a) WT EEGs do not significantly 
differ between pre- and post-PTX (0.1 mg/kg, i.p.) treatment (a and b) FFT analyses of baseline recordings from WT (n = 6) (a) and Chrns'^^^^^'^ (n = 6) (fa) mice 
illustrate the increase in S power in C/ima4""f'" mice. FFT analysis also demonstrates the decrease in S activity in Chma4^^^^^'^ mice (n = 6) after treatment 
with PTX. PTX did not have an effect on the fast Fourier transform in WT mice (n = 6). (c) Compared with untreated controls, the relative contribution of S activity 
is decreased after administration of PTX in Cftma4^^^^'''*" mice, with no significant difference seen in WT mice, (d) In addition to a decrease in power, the , . 
of time exhibiting S wave activity was decreased in the 60-min period after PTX administration compared with the 60-min period immediately bef-- 
administration. Picrotoxin did not have a significant effect on the amount of time WT mice exhibited S activity, (e) Low-dose PTX completely eliminates 
spontaneous seizures in Chrna^^^^^i^ mice during the 50 min immediately after PTX injection. 
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<M i.'M' ~.,nClviw4^^'^'' ' .intlf/wrta^''^'"*'"' mice, oil! lesults 
^Liiigcsl lh.it ADM LL sci/iiie ctiolojiv .intl alteied coitical bbG 
patterns may involve an in ' .-<>nse to acetylcholine. 

Cholinergic afferents. \ .s. ipally from the basal 

forebrain, innervate chol, ms in all layers of the 

' n' Fiontal cortex and . piominent in layers II 

. .nancoitcx W h.,.,iN ,,HLnt coi tical layei' II/MI 
< p\ 1 iritilal neuions aic not diiccth depolaiized by nico- 
ajionists (16. IS. I'^j. selected subtypes ot 
inicj neurons express functional nAChRs assembled 
Tiom a4 and j32 subunits (with or without a5) or a7 subunits (16, 
zui. Inhibitory intemeurons release GABA and have been 
iitatcd in nicotine-induced hippocampal seizures (21), as 
well as m models of cortical or hippocampal pathophysiology 
thit Insult hom II VLhR actuation, modulation of G VBAeigic 
tone, and subsequent inhibition or disinhibilion ot neuronal 
networks (15). It remains to be determined which subclass of 
cortical intemeurons is responsible for the increased GABAer- 
gic drive onto layer II/III pyramidal cells. In rats, >96% of layer 
I intemeurons express both a4p2 and al nAChR subtypes. 
However, it's unlikely that they play a direct role as nicotinic 
stimulation of layer I intcrneuions k'ads lo an action potential- 
dependent increase in layer II III iniv-ineuron sIPSC frequency, 
with no effect on layer Il'/I!! ps , amidal cells (20). In layer II/III, 
■.^''!1Rs (villi oi Wiihoiit (i.T) are found in a high per- 
,. ' I ,in.l li lOgular-spiking (77%) interneu- 
r ) coexpress vasoactive intcs- 
II in (16), Such intemeurons 
1> and arc candidates for the 
iiion. La\er V low-threshold 
iiial arbors project upwards to 
, \i iiKs and coulil likewise contribute 
IslPSC ticquenc\ (22) Ultimately, the 
lis. .4 I I ..J .ci-'dMigs and detailed electiophysiological and 
anatomical studies should permit the identification of intemeu- 
rons involved in the altered effects of acetylcholine (ACh). 

As described for a variety of noctumal epilepsy syndromes. 
ADNFLE seizures initiate exclusively or predominaiiih, iluiiiig 
NREM sleep (23). Morcovei, in patients with m'ti il f-iL^-sits 
NREM sleep (notably stags 2 1 potentiates ' . tp 

inhibits, interictal epileptitonii dischaigts a i i , u j aj;.ai. /h ot 
focal sciAiies (2 0- At (his dun., wi. do no! know I'iie lelatioiiship 
!'. IV. ceil slecp-wake state and sei/uie onset in ADNFLE mice. 
I, ';r<uUiiiatel\. vigilance and slee()-si aging algorithms heavily 
i^l\ on I 1 (i patlei lis lo dislingiiisii pel lods of wakefulness from 
REM and \RI-M sleep. Hence, liie iiearK continuous, abnor- 
mal cortical 6 and f> activities seen m ( hn!<i4^~^'^ and 
avna4-^'""''' MXNTLE mice conioiind analyses that would 
unequivocally establish a temporal relationship between slow- 
wave sleep, onset of paroxysmal EEG discharges, and seizures. 
Establishing whether aberrant signaling within corticothalamic 
circuits contributes to epilcptogenesis in ADNFLE and docu- 
|'i< niiiii; ihv I' 'Mutant a4-subunit-Lonta!ning 

\no will lequiie additional 
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- Ill which ACh signif- 
, uaiismission An essential 
.odel (see 1 ig 12, which is published as sup- 
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nously firing layer II/III pyramidal cells will be synchronized 
after recovery from a large GABAergic inhibition triggered by 
cholinergic activation of mutant nAChRs. The effect of FTX on 
cortical EEG and spontaneous seizure acti\it^ suggests that 
activation of GABAa receptors per se could lead to increased 
network synchrony and, thereby, contribute to ictogenesis in this 
murine model of ADNFLE. The anal 
synchrony via inhibition has substantial experimental support. 
For example, two hippocampal pyramidal cells connected to the 
same GABAergic interneuron readily synchronize their firing 
after recovering from the inhibition evoked by the interneuron 
(25). Also, in the hippocampus, ACh-dependent activation of 
intemeurons produces inhibition of pyramidal cells followed by 
rebound spiking (26), and endogenous cortical ACh recently has 
been shown to enhance synchronized interneuron activity via 
activation of a4/32 nAChRs (27). Importantly, in human focal 
cortical dysplasia tissue in vitro ictal activity is initiated via a 
synchronization mechanism that requires sustained activation of 
GABAa receptors (28). We propose, then, that an ACh- 
dependent sudden increase in GABAergic inhibition contributes 
to epilcptogenesis through inhibitory resetting of synchroniza- 
tion. Possible alternative GABA-mediated mechanisms include 
direct excitatory effects of axo-axonic intemeurons on layer 
II/III pyramidal cells (29) or pyramidal cell depolarization after 
intense GABAa receptor activation and changes in the GABA 
reversal potential (30). 

In summary, our data show that both ADNFLE Chrna4^^'^^^ 
and Cliina4'^ mutations arc dominant and cause abnormal 
cortical EEGs. interictal spiking, and recurrent seizures in 
heterozygous mice harboring either of these mutations. The 
ameliorative effect of low-dose PTX on cortical EEG patterns 
and suppression of spontaneous seizures in China i ' > 
provides compelling evidence for enhanced GAL 
tion in ADNFLE. Although many details of epiL, t .t,. . 
including the possible nn'olvement of noncortical neuronal 
circim- .i.i.i 'i lo , ^.ii.r'ied in this mouse model, it seems 
cleai !'i i! .1 'liiiilvi o, 11,11 >"i mt and intriguing questions related 
to A\] I ! 'lou .a;, a.Klrcssed (2). ADNFLE mutations 
change the physiology of the brain in wavs flint allow it to 
function normalh most of the time, but aK< 
recurrent seizures, future cellular and s\M. . I, . 1 , . > 
mutant and WT mice should help identify all possible causative 
factors and clarify the pathophysiological mechanisms underly- 
ing the complete ADNFLE syndrome. 

Experimental Procedures 

Genetic Engineering of ADNFLE Mutant Mice. Genetic engineering of 
the ADNI LE mice is described m Fig. 5. All experiments were 
carried out under proiocoK appun^d by the Uni\ersity of 
California, Los Angeles C hanccllor s Animal Research Com- 
mittee. Mutant mice and other materials prepared during this 
study may be obtained upon request. 

Electroencephalogram Recordings. A subdiiial t ordeal FFG re- 
cording electrode was placed mider the skull (2.8 mm anterior to 
bregma, 1.5 mm lateral to the midline) of age-matched, adult 
male (P > 90) mice, and the electrode was fixed to the skull by 
using dental cement. EEG recordings (band-pass-filtered be- 
tween 0.1 and 200 Hz, 8-pole Bessel; Frequency Devices, Hav- 
erhill, MA) were acquired for 4-8 h daily for up to 2 weeks and 
were sampled at 1 kHz by using an in-house Lab View-based 
(National Instruments, Austin, TX) analysis program. Electro- 
graphic seizure events were defined as changes in the amplitude 
and frequency of the EEG activity, and the software measured 
their duration. Seizure susceptibility consisted of cumulative 
time seizing expressed as a percentage of the total recording time 
and the average duration of individual electrographic events. 
The percentage of time seizing was calculated as the cumulative 
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time of all seizure activity diiriiiii tlie reror Jiiiir period divided by 
tlie total time of tlie recorJiiiir period. The durations of indi- 
•, ■ , ... , . ^-.^.m-, weri. measured between Ihestartof 

ihe repetitive bbG pattern and the return of the bbG spectrum 
to baseline. 1* TX (0.1 mg/kg, i.p.) was administered after 60 min 
of baseline bbG recording and continued for 60 min after PTX 
administration. EEGs were compared between the 60 min 
pre-PTX administration and the 1-h post-PTX administration 
only. Statistical analysis was determined by using ANOVA. 

Brain Slice Preparation, Electrophysiological Recordings, and Data 
Acquisition. Adult male mice (2-4 months old) were anesthetized 
• halothane, and the brain was removed and plai:ed in 
irr cold artificial cerebrospinal fluid (ACSl i t-t^ - 126 
!. :5 mM KCI. 2 mM CaCI;. 2 i, i\I 
, 26 niM NaliCO,. and 10 mM D-p. , I) 
. ..i aerated with 95% O2 and 5% CO2. 1 ronlal lobe coional 
slices, 350 fim thick, were cut with a vibratome m ACSF 
containing 3 mM kynurenic acid. Slices were stored in ACSF in 
an interface chamber at 32°C for at least 1 h before being 
transferred to the recording chamber. Frontal cortex layer II/III 
pyramidal cells were identified visually by using video micros- 
copy and recorded with an /\xopatch 2l)0B amplifier (Axon 
Instruments, Foster City, CA). Microelectrodes (1-3 MO) con- 
tained 140 mM cesium-methylsulfonate, 10 mM Hepes, 0.2 mM 
EGTA, 5 mM NaCl, 2 mM MgATP, 0.2 mM NaGTP («271 
mOsm, pFI 7.29). Series resistance and whole-cell capacitance 
were estimated from fast transients evoked bv a 5 mV voltage 
command step by using a lag value of 7 /as and then compensated 
to 70-80%. Recordings were discontinued it series resistance 
increased by >25',y throu: 
Mn at any tinii 
low-pass-filtered . - , 
KHz, and stored 
taneous inhibit- 
custom-written 
tectedin 30- 6( 
10-90% rise time . 1. • . 
values were measured. Sta 



acquired, and spon- 
detected by usms 
AH events were de- 
i i c ncy, peak amplitude, 
.. , lime constant (tcIccw) 
stical sigmlicancc wis deteimined by 
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using the t test (paired or unpaired assuming unequal variances) 
or by ANOVA with a Tukey's HSD post hoc test when the means 
of more than two groups were compared. The level of signifi- 
cance was set to P < 0.05. 

Effect of Nicotine on Mean Inhibitory Current (/mean)- /mean was 

determined by using a macro running under IGOR Pro version 
5.02 (WaveMetrics, Lake Oswego, OR). Briefly, the entire 
digitized recording was loaded, and seal tests were deleted. An 
all-point amplitude histogram was plotted for every 50,000 
points (5 s) and smoothed, obtaining a distribution skewed in the 
direction of synaptic events. A Gaussian was fit to the part of the 
distribution that was not skewed (representing the baseline 
current and its noise), and the peak of this Gaussian was taken 
as the mean baseline current for the epoch. All baseline mean 
values were plotted, and linear trends were subtracted to nor- 
malize the mean baseline current to 0 pA. After baseline 
normalization, the cumulative sum of 10,000 data points (1 s) was 
calculated and divided by the number of points in that segment 
of time. Points on either side of the baseline (baseline noise) 
summed to 0, whereas anything above or below baseline summed 
to yield /mean- An a function was fitted to /mean obtaining the 
peak, latency, and decay of the nicotine effect in every cell. The 
equation used was as follows: /mean (0 =-4 X [(t - toj/j] X exp 
[1 - (t - to)/T] + y, where A is the peak amplitude, to is the 
latency, t is the decay, and y is the control base line. The /mean 
ratio was determined by dividing the peak amplitude of /mc»'i 
durmg the nicotine effect by the /mean recorded before perfusion 
of nicotine. 
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